Direct torque control (DTC) is known for its fast control in AC motor drives due to its simple control structure that directly controls the torque without the need for modulation blocks or frame transformations. However, when used in induction motor (IM) drives it has three main drawbacks: large torque ripples, variable switching frequency, and sector flux-droop at the low-speed region due to the employment of the torque hysteresis controller (THC). Torque ripple minimization can be achieved in DTC drives by replacing the originally proposed two-level inverter with a three-level neutral-point clamped (3L-NPC) inverter. Nevertheless, the switching frequency remains variable and low, which produces an elevated torque ripple and asymmetrical switching signals for the inverter. In addition, sector flux-droop resulting from driving the IM at the low-speed region produces a high current distortion that consequently eliminates the robustness of DTC. To alleviate these problems, an interleaving constant switching frequency torque controller-based DTC (CSFTC-DTC) was implemented. It improves the operation of the IM at the low-speed region by increasing the duty-cycle of the applied active voltage vector and reducing the duration of the applied zero vectors. Although the conventional CSFTC-DTC regulates the stator flux of the IM at the low-speed region and minimizes the total harmonic distortion (THD) of the stator current, it produces a high torque ripple-one of the main disadvantages of classical DTC. In this paper, an interleaving CSFTC-DTC is proposed to subdivide the duty cycle of the applied vectors of the 3L-NPC inverter to limit the influence of the large duty-cycle of the applied vectors on flux-regulation and torque ripples. The simulation and experimental results presented validate the effectiveness of the proposed method over the conventional method.
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I. INTRODUCTION
Classical direct torque control (DTC) has been the focus of numerous studies during the past four decades for its excellent control features compared to field orientated control (FOC) [1] , [2] . The DTC provides fast control of AC motors because the torque and flux are controlled directly without any modulation techniques or frame transformations [3] . Despite its fast dynamic response, there are some issues associated with the use of a torque hysteresis controller-based DTC (THC-DTC), such as high torque ripples and variable switching frequency. Moreover, there is a flux-droop at the low-speed region of induction motor (IM) drives [4] , [5] .
As reported in the literature, there have been various endeavors to address the deficiencies in THC-DTC drives. Introducing space vector modulation to classical DTC (DTC-SVM) is the most common strategy used to improve the performance of THC-DTC [6] . However, it is difficult to estimate the appropriate reference voltage in the SVM technique [7] . Additional control techniques, such as a proportional-integral (PI) [8] , dead-beat control [9] , sliding mode controller [6] , extended Kalman filter (EKF) [10] , model reference adaptive systems (MRAS) [11] , internal model control [12] , state feedback control [13] and artificial neural networks (ANN) [14] for torque and flux regulation are required.
The second alternative control strategy is model predictive control (MPC) that requires a predefined cost function to predict output states, obtain state variables, and execute control object optimization [15] - [19] . Another approach for the improvement of DTC is the control of the duty-ratio of the applied voltage vectors (DR-DTC) [20] - [23] . In DR-DTC, the duty-ratios of the applied voltage vectors are adjusted to minimize torque and flux ripples. However, the switching frequency is not fixed.
In addition to the advantages of these sophisticated algorithms used to improve the performance of classical DTC, torque and flux ripples can be minimized by employing multilevel inverters (MLIs), as the output voltage of MLIs is synthesized with a higher number of discrete levels compared to two-level inverters. Among MLIs topologies used in DTC drives [24] - [27] , a three-level neutral-point clamped (3L-NPC) inverter is the most prominent. In DTC fed by a 3L-NPC inverter, the selection of applied voltage vectors is expanded, thus different speeds of stator flux linkage can be achieved to have predominant control of torque and flux.
Recently, researchers have focused on fixing the switching frequency of classical DTC by replacing the THC with a constant switching frequency torque controller (CSFTC). The CSFTC, composed of triangular carriers and a PI controller, is able to reduce variability in the switching frequency and minimize torque ripples compared to THC-DTC. Therefore, it is a robust strategy to tackle the limitations of classical DTC. Some studies of CSFTC have also examined MLIs with DTC of IMs [27] - [30] and permanent magnet synchronous machines (PMSMs) [31] . Among these studies, the authors in [25] , [30] proposed a 3L-NPC inverter for CSFTC-DTC to further reduce both flux and torque ripples and to obtain smoother responses. Although good performance, such as fixed switching frequency and minimized torque and flux ripples was achieved in most of these previous studies, none have improved the critical low-speed operation of IMs that causes stator flux drops due to the domination of the stator resistor and the selection of a zero voltage vector [4] , [5] . In [32] , [33] the sector flux-droop has been corrected by increasing the duty cycle of the applied active vector using interleaving carriers. Nevertheless, this technique results in large flux and torque ripples, which are comparable to those produced by classical THC-DTC.
This paper proposes an improved interleaving CSFTC based 3L-DTC algorithm for IM drives with reduced torque ripple. Unlike the method in [32] , the proposed method is used to reduce torque ripples by shortening the duty ratio of the applied active-voltage vectors and reducing the duration of zero-voltage vectors while maintaining the merits of the conventional interleaving CSFTC for the 3L-NPC inverter. In addition to torque ripple reduction, the proposed algorithm minimizes the flux-droop at the low-speed region, thus leading to a significant improvement in the performance of the stator current waveform. The effectiveness of the proposed algorithm is validated through simulation and experimental results.
II. SYSTEM MODELLING A. IM IN STATIONARY REFERENCE FRAME
The mathematical modelling of the induction machine (IM) is expressed in terms of space vectors as given below:
The three-level neutral-point clamped (3L-NPC) inverter is the most common among MLI topologies in DTC drives. The basic structure of 3L-NPC inverter is illustrated in Fig. 1 . The space vector diagram and switching states of 3L-NPC inverter are shown in Fig. 2 .
It can be seen that 27 switching states represent the connection of the stator to the DC power supply. In Fig. 2 , ''−1,'' ''0,'' and ''1,'' denotes a connection to a negative DC rail, neutral point, and positive DC rail, respectively. There are 19 distinct voltage vectors: large (V 1 −V 6 ), medium (V 7 −V 12 ), small (V 13 −V 18 ), and zero (V 0 ). The switching states are of P-types or N-types as shown in Fig. 2 . P-type means the phases are connected to the positive DC rail and the neutral point. While N-type switching state means that phases are connected to the neutral point and the negative DC rail. P-type and N-type switching states mostly causes neutral point voltage deviation. P-type states increase the lower DC-link capacitor voltage, whereas the N-type state decreases the lower DC-link capacitor voltage in motoring mode. Fig. 3 shows the complete structure of DTC for controlling the IM fed by 3L-NPC inverter. The main idea of this topology is applying hysteresis torque and flux controllers for controlling both stator flux λ s and electromagnetic torque T e . The design of the torque hysteresis controller (THC) is shown in Fig. 4 . With the output of the THC, the inverter switching states can be selected from a predefined look-up table (see Table 1 ). This look-up table has 12 sectors to increase the degree of freedom of voltage vectors selection. The T e status and λ s status are responsible for controlling both the T e and λ s according to the commanded values and speed of the IM. 
III. DTC FOR 3L-NPC INVERTER

A. TORQUE AND FLUX ESTIMATION
It is worthy to note that all calculations are carried out in the stationary reference frame for estimating the λ s and T e from the α-β components of stator current i s and stator voltage v s as follow:
Based on the switching states S a,b,c determined from the look-up table, the voltage vectors, v sα and v sβ are estimated as given by:
B. TORQUE HYSTERESIS CONTROLLER One of the main components of classical DTC is of the THC. The design of the THC depends on the output voltage level of the inverter used because the output status of the THC will select the appropriate voltage vectors of the inverter that need to be used to satisfy the DTC operation. In the literature, improvements in the design of a five-level THC ( Fig. 4 ) allow more voltage vectors to be selected for a 3L-NPC depending on the speed region of the motor. The main advantages of using a five-level THC is that the torque ripple is reduced and the degree of freedom is increased for selecting the voltage vectors of the 3L-NPC inverter is limited in this topology. All voltage vector types of a 3L-NPC inverter can be used to drive the IM in a DTC system. However, it does not solve the problem of the variable switching frequency of classical DTC. Moreover, it has poor performance in low-speed region of the IM drives due to the unregulated λ s . The output rules for the five-level THC are expressed as:
where T e status is the torque status, which can be either of the following states +2, +1, +0, −0, −1, −2. By using these rules, the IM will operate smoothly in a wide speed range. A positive torque status indicates that the operation is in the forward direction, whereas a negative torque status indicates that the motor is rotating in the reverse direction.
IV. CONSTANT SWITCHING FREQUENCY TORQUE CONTROLLER FOR 3L-NPC INVERTER
The CSFTC has been used to mitigate the problems associated with the classical THC-DTC. It helps the switching frequency to remain constant and reduces torque ripples. However, the classical CSFTC suffers from sector flux-droop at the low-speed region due to a small duty cycle of the applied small active vector causing high distortions in current waveforms. An interleaving CSFTC was introduced to improve the performance of the IM drive at the low-speed region by minimizing the drop of λ s . The complete structure of the interleaving CSFTC is shown in Fig. 5 . It consists of five-level of interleaving carriers which is designed based on the five-level THC. This controller needs a PI controller to minimize the steady-state error and reduce the torque ripples. The output of the PI controller is T c signal. The main function of the comparators is to compare the T c with the 5-level interleaving carriers. The output status of this comparison will be sent to the look-up table based of the operation of the IM.
The performance of the CFTC is affected by the proportional gain (k p ) and integral gain (k i ) of the PI controller. The PI gains of the interleaving CSFTC are designed according to [32] by considering the full amplitude of the triangular carrier, as the PI output, T c should not exceed the maximum value of triangular carrier (C p−p ). In this paper, the k p and k i of the interleaving CSFTC are set to 4.326 and 158.02 respectively. 
A. CONVENTIONAL INTERLEAVING CSFTC
The conventional interleaving CSFTC has been proposed to improve the low-speed operation of the IM drives fed by two-level inverter where the |λ s | droops due to the high domination of the R s [32] . The main advantage of using the conventional interleaving CSFTC is to keep the switching frequency constant and regulate the λ s . However, this technique produces high torque and flux ripples. To understand the problem of the conventional interleaving CSFTC, the operational principle is illustrated as shown in Fig. 6 . As shown from the mechanism of this controller that the duty cycle of the zero-voltage vector is shortened to limit the effect of the domination of the R s during the operation of the IM drives, particularly in the low-speed region. As a result, the duty cycle of the applied active vectors will be large which causes high torque and flux ripples that it is not desirable for advanced motor drives applications. The output rules for the conventional interleaving CSFTC are shown in Table 2 . Fig. 7 shows the operational principle of the proposed interleaving CSFTC, which has attained the merits of a conventional interleaving CSFTC and has improved the operation of the IM at the low-speed region by regulating the λ s , resulting in less current distortion as compared to the classical THC based DTC. The proposed interleaving CSFTC is able to prevent high torque and flux ripple, especially in the lowspeed region. Additionally, the duty cycle in the proposed CSFTC is shorter than that in the conventional interleaving CSFTC [32] , which can significantly minimize the drop of the |λ s | in the low-speed region. In addition, the proposed interleaving CSFTC has a further reduction in torque ripple as it reduces the duration of the small, medium, or large active vectors that are applied to increase the torque. Table 3 shows the proposed interleaving CSFTC rules.
B. PROPOSED INTERLEAVING CSFTC
The proposed algorithm is able to overcome the limitations of the conventional interleaving CSFTC based DTC, thus resulting in better IM drives performance for a wide speed range.
V. SIMULATION RESULTS
The effectiveness of the proposed interleaving CSFTC is investigated in this section using PSIM software. The performance of the proposed method is investigated and then compared with that of the five-level THC-DTC and conventional interleaving CSFTC methods proposed in [32] . Among the three methods, the proposed interleaving CSFTC has the lowest torque and flux ripples. Moreover, it retains the merits of the conventional interleaving CSFTC in improving the low-speed operation of the IM drives by minimizing the drop of the |λ s |. In addition, the proposed interleaving CSFTC has excellent control in medium and high-speed operation of the IM drives fed by 3L-NPC inverter in reducing the torque ripples compared to the five-level THC-DTC and conventional interleaving CSFTC methods. Therefore, the steady-state performance of the proposed interleaving CSFTC method is compared with that of the five-level THC-DTC and conventional interleaving CSFTC methods in various speed regions. In order to compare the performance of the above mentioned DTC methods in a similar condition, the motor and control system parameters in all the simulations are adjusted to the same as those used in [32] . These parameters are tabulated in Table 4 . In order to achieve lower torque ripples for fivelevel THC-DTC, the band size of THC is set to be 10% of rated torque (i.e, T e /2 = 2 Nm), whereas the stator flux band is 0.0015 Wb. The simulation sampling time is set to 70 µs.
A. LOW-SPEED OPERATION Fig. 8 shows the simulation results for the five-level THC, conventional interleaving CSFTC, and proposed interleaving CSFTC based DTC methods at 50 r/min. It is evident that the flux-droop is significant in the five-level THC that results in high current distortion. In addition to flux-droop, a high torque ripple is noticeable. The conventional interleaving CSFTC solves the problem of flux-droop; hence, a lower THD and pure sinusoidal current waveform are achieved. However, it produces high torque and flux ripples. The proposed interleaving CSFTC attains the merits of regulating the stator flux. Moreover, the proposed method reduces the torque ripple by 36% compared to conventional interleaving CSFTC.
In addition, an FFT analysis of the stator current was carried out to verify the effectiveness of the proposed interleaving CSFTC. The proposed interleaving CSFTC achieved the lowest THD of the stator current among the other methods. The conventional interleaving CSFTC has reduced the THD of five-level THC from 25.23% to 15.62%, while the proposed interleaving CSFTC has reduced the THD to 7.05%, which is approximately 54.87%. Fig. 9 shows the simulation results for the five-level THC, conventional interleaving CSFTC, and proposed interleaving CSFTC based DTC methods at 1000 r/min. It is evident that the flux-droop is not critical in this speed region due to the slight effect of stator resistance. From top to bottom, the waveforms are the stator flux, torque, and stator current. The main advantage of the proposed interleaving CSFTC here is the reduction of the torque ripple compared to the five-level THC and conventional interleaving CSFTC based DTC. The torque ripple of the proposed interleaving CSFTC was reduced by 25% compared to conventional interleaving CSFTC. Fig. 10 shows the experimental setup which consists of a TMS320F28335 digital signal processor (DSP) control board and 3L-NPC inverter equipped with IGBTs. A 5.5-kW mechanical load is connected to the IM and it is controlled by a Yaskawa inverter.
B. MEDIUM AND HIGH-SPEED OPERATION
VI. EXPERIMENTAL VALIDATION
The discrete design of the interleaving carries CSFTC is shown in Fig. 11 . This design is easily implemented by increasing the step of the carrier by 30 units per step size. The C p−p value of the interleaving carriers set as 120 to allow enough amplitude of the interleaving carriers for all speed regions of the IM used in this paper. As mentioned in Table 4 , the rated speed of the IM is 1750. By using the PI gains discussed in section IV, the Tc will not exceed the C p−p of the C upper3 and C upper4 for the forward operation of the IM, similarly, it will not exceed the C p−p of the C lower3 and C lower4 when the IM is running in the reverse direction. The switching frequency of the interleaving carriers used in this paper is calculated by considering the sampling time which is set to 70 µs. As mentioned earlier that the step change of the interleaving carriers is by 30 units. Therefore, each step change requires 70 µs. The interleaving carriers consists of 8 steps as shown in Fig. 11 . Consequently, the switching frequency of the interleaving carriers is calculated as follows:
In this paper, the torque ripples are calculated based on the following equation [31] :
(T e (i) − T e average ) 2 (13) where N is the number of the samples, T eaverage is the average torque. For accurate T e ripple calculation, the N was set to 20,000.
A. STEADY-STATE OPERATION
The steady-state performance of three DTC methods at 50 r/min (less than 3% of the rated speed) and when a 3 Nm load torque is applied to the motor is shown in Fig. 12 . In this figure, with the same sampling time of 70 µs, both the conventional and the proposed interleaving CSFTC can improve the low-speed operation by stabilizing the λ s effectively and achieving lower THD of the i s in comparison with the fivelevel THC-DTC, while the torque and flux ripples in the proposed interleaving CSFTC method are the lowest among the other three methods. In Fig. 12 , the RMS value of the T eripples are 0.98, 1.04 and 0.68 Nm with respect to the fivelevel THC-DTC, the conventional interleaving CSFTC and the proposed interleaving CSFTC.
B. TRANSIENT-STATE OPERATION
In order to test the transient-state performance of the five-level THC, the conventional interleaving CSFTC and the proposed interleaving CSFTC based DTC methods, when the IM rotates at 100 r/min with a load torque of 3 Nm in the steady-state, a sudden load torque of 4 Nm is applied to the IM. The experimental results are presented in Fig. 13 , where it is observed that the T e follows the T * e quickly and this is the main advantage of DTC. The time duration required for this process is 0.98, 1.10 and 1.00 ms for the THD-DTC, the conventional interleaving CSFTC and the proposed interleaving CSFTC, respectively. Moreover, in order to compare the dynamic response in this experiment, the zoomed torque response is also shown in Fig. 13 . Although the torque response in both the conventional and the proposed CSFTC methods is almost the same, a slight difference exists in the rising time of the torque. The proposed interleaving CSFTC method has the lowest T e ripple compared to the other two methods.
VII. CONCLUSION
In the high-performance IM drive applications, fast and accurate control of the torque is required. Although the conventional interleaving CSFTC provides excellent stator flux regulation at low-speed operation of the IM, it experiences high torque ripples which decrease the accuracy of the torque control and cause acoustic noises.
In this paper, interleaving CSFTC based DTC method is proposed where the duty cycles of the applied voltage vectors are shortened to maintain the merits of the conventional interleaving CSFTC in improving the low-speed operation of the IM drives and to reduce torque and flux ripples. In order to test the effectiveness of the proposed method, its performance is investigated through simulations.
The steady-state performance at various motor speeds is tested and the results indicate that the torque and flux ripples are reduced significantly in all speed ranges, compared to those of the THC-DTC and conventional interleaving CSFTC methods. In order to test the feasibility of the proposed method in practice, its performance is investigated through experiments. The steady-state operation results are in good agreement with the simulation results. In addition, the transient-state operation results reveal that the dynamic response of the proposed interleaving CSFTC is faster than that of the THC-DTC and conventional CSFTC methods.
The simulation and experimental results indicate that the proposed interleaving CSFTC improves the low-speed operation and minimizes the torque and flux ripples. Therefore, the proposed CSFTC can be considered as a good candidate for high-performance applications for IM drives.
